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ABSTRACT 
Zircon and monazite from granitic sheets and dikes in the Monashee complex, Canadian 
Cordillera, were investigated to determine whether igneous crystallization occurred at 1.9 Ga or 50 
Ma with 1.9 Ga inherited zircon and monazite. Four of the five samples are weakly deformed to 
undeformed, despite occurring in a gneiss dome at the structurally deepest exposed level of the 
orogen that elsewhere was strongly deformed and partly melted at 50 Ma. Based on U-(Th)-Pb 
dates from zircon and monazite, field relationships, and mineral composition and zoning, we 
conclude that the granitic rocks crystallized at 1.9 Ga and were metamorphosed at 50 Ma. All 
dated zircon is 1.9 Ga (except for 2.3-2.0 Ga inherited cores) and 1.9 Ga monazite comprises 
>90% of the population in four samples. The remainder of the monazite is 50 Ma and all monazite 
in one sample is 50 Ma. Composition and zoning of 1.9 Ga zircon and monazite are uniform 
within samples, yet differ between samples, indicating growth from 1.9 Ga magmas that are 
unique to each sample. This relationship is unlikely if the grains are inherited because the host 
rocks are heterogeneous 2.3-2.1 Ga gneisses. The 1.9 Ga zircon and monazite have zoning that is 
consistent with growth from magmas, whereas the 50 Ma monazite has variable composition and 
zoning that suggest growth from diverse metamorphic fluids. The results demonstrate that part of 
the Monashee complex was last strongly deformed and partly melted at 1.9 Ga, and thus largely 
escaped Cordilleran tectonism. 
 
Keywords: Canadian Cordillera, inheritance, monazite, U-Pb geochronology, zircon  
 
INTRODUCTION 
 
Crystallization ages of small-volume granitic rocks (e.g., dikes, sheets, veins, and pods of metaluminous to 
peraluminous granite, leucogranite, leucosome, and pegmatite) are crucial for constructing tectonic models of 
orogenic belts. Zircon and monazite are ideal for U-Pb dating of magma crystallization due to their moderate to high 
U concentrations and high closure temperature to diffusion of Pb (Harrison et al., 2002; Parrish & Noble, 2003), yet 
close scrutiny is required before the dates can be accepted as ages of igneous crystallization because granitic rocks 
are notorious for containing inherited, xenocrystic zircon (e.g., Harrison et al., 1987; Roddick & Bevier, 1995; 
Miller et al., 2000; Bea et al., 2007). Zircon from source and host rocks is not dissolved in magma that is saturated 
with respect to zircon, but rather is incorporated as partially resorbed xenocrysts. Zircon saturation is a function of 
bulk-rock chemistry, Zr concentration, and temperature of crystallization (Watson & Harrison, 1983). Small-volume 
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granitic melts are usually produced by anatexis of peraluminous crustal rocks at temperatures low enough that 
complete zircon dissolution does not occur, and thus some degree of inheritance is expected in all melts. Inherited 
zircon varies from forming a minor part of the zircon population as rare cores within newly-formed zircon to a large 
part as plentiful whole grains. Monazite saturation in granitic melts occurs similar to zircon (Rapp et al., 1987; 
Montel, 1993), yet inherited monazite is rarely documented. The best known examples are two Himalayan 
leucogranites with sparse inherited monazite (Copeland et al., 1988; Harrison et al., 1995) and leucogranites in the 
Caledonides of East Greenland with plentiful inherited monazite (Gilotti & McClelland, 2005).  
 
Discerning inherited from non-inherited zircon is central to some of the most intense geochronological debates, 
including that regarding the age of the oldest chemical evidence of life on Earth (Nutman et al., 1997; Whitehouse et 
al., 1999; Mojzsis & Harrison, 2002). Internal zoning patterns in zircon and Th/U of zircon were used to argue that 
the oldest parts are inherited and non-inherited, respectively. Interpretations of inheritance are often based on U-Pb 
dates alone. This approach is valid for zircon that is so old that inheritance is obvious. For example, inheritance is 
certain for Archean zircon in granite that intruded into Tertiary sedimentary rocks. However, inheritance cannot be 
proven by dates alone in granite lacking cross-cutting relationships because every zircon may be inherited. The 
composition and internal zoning patterns help identify inherited zircon, but inherited grains are difficult to identify 
when they formed in magma that is similar to the younger magma (e.g., zircon from peraluminous granite host rock 
that is inherited in peraluminous granite).  
We assess inheritance in small-volume granitic bodies (meter-wide sheets and dikes of granite and pegmatite) in a 
gneiss dome in the metamorphic core of the Canadian Cordillera. A simple question prompted this study: did five 
granitic rocks crystallize at 1.9 Ga as part of the Laurentian basement or 50 Ma as Cordilleran melts with 1.9 Ga 
inheritance? The crystallization ages have implications for Cordilleran tectonic models because intrusion of four of 
the samples occurred after the last penetrative ductile deformation and partial melting of the host gneisses. Our age 
interpretations are based on data from zircon and monazite, including U-(Th)-Pb dates obtained by laser ablation 
inductively coupled plasma mass spectrometry and electron microprobe, compositional data, internal zoning, and 
field relationships. 
  
TECTONIC SETTING 
 
A variety of models have been proposed for the tectonic evolution of the southeastern Canadian Cordillera that make 
contrasting assumptions about the ductility of adjacent gneiss domes in the deepest structural level, the Monashee 
complex (Fig. 1), during Tertiary orogenesis. Studies have proposed that the Thor-Odin dome (to the south) was hot 
and mobile while the Frenchman Cap dome (to the north) had parts that remained cool and solid. Tectonic models 
for the Thor-Odin dome include extension-assisted diapirism (Vanderhaeghe et al., 1999), flow of ductile middle-
crust toward a rolling hinge during extension (Teyssier et al., 2005), and channel flow (Williams & Jiang, 2005) or 
extrusion (Johnston et al., 2000) during compression. Models for the Frenchman Cap dome (Fig. 2) include 
basement duplexing (Journeay, 1986; Brown et al., 1986), underthrusting of relatively cold basement (Parrish, 1995; 
Crowley et al., 2001), and basement being the base of a channel flow (Brown & Gibson, 2006). 
 
Critical to the tectonic models is the age of granitic rocks (granite, leucogranite, leucosome, and pegmatite that 
occur as dikes, sheets, veins, and pods). Leucosome in migmatites in the Thor-Odin dome with ~55 Ma zircon rims 
around cores show Tertiary igneous crystallization and Paleoproterozoic inheritance (Vanderhaeghe et al., 1999; 
Hinchey et al., 2006). In contrast, granitic rocks in the northern part of the Frenchman Cap dome have mostly 1.9 Ga 
zircon and monazite that were interpreted as forming during igneous crystallization (Armstrong et al., 1991; 
Crowley, 1999). However, because dating of the Frenchman Cap dome samples was performed on single- and multi-
grain analyses by the isotope dilution thermal ionization mass spectrometry (ID-TIMS) method without knowledge 
of the internal zoning of the grains, it cannot be ruled out that the 1.9 Ga grains are inherited in Tertiary granitic 
rocks. If this alternative hypothesis is true, there would be no evidence for basement remaining rigid through the 
Tertiary. The purpose of our study is to re-examine the age of granitic rocks in the Frenchman Cap dome by using in 
situ methods. 
 
The Frenchman Cap dome is mostly composed of Paleoproterozoic gneisses that are layered at the meter scale 
(Journeay, 1986). The dominant orthogneiss in the study area is 2.08 Ga K-feldspar augen granitic gneiss (Crowley, 
1999). Other important units are ~2.1 Ga granitic orthogneiss and ~2.3 Ga dioritic gneiss (Crowley, 1999). 
Paragneiss units derived from sedimentary and volcanic rocks are presumed to be older than the orthogneiss units.  
 
 J.L. Crowley, R.L. Brown, F. Gervais & H.D. Gibson in JOURNAL OF PETROLOGY (2008) 3 
 
This is a pre-copy-editing, author-produced PDF of an article accepted for publication in Journal of Petrology following peer review. The 
definitive publisher-authenticated version Journal of Petrology, 49(11), 1915-1929 is available online at: doi: 10.1093/petrology/egn047 
 
Monazite in the paragneiss grew at 2.1 Ga and 50 Ma (Crowley and Parrish, 1999). Younger gneisses are known 
from outside of the study area, including 1.86 Ga granodioritic orthogneiss lying 30 km to the northwest (Crowley, 
1997), and 1.93 Ga granodioritic augen orthogneiss and ~1.87 Ga homogeneous granitic gneiss in the Thor-Odin 
dome (Parkinson, 1991).  
 
ANALYTICAL METHODS 
 
Five granitic rocks were collected at Bourne Glacier, Monashee Mountains, British Columbia (Fig. 2, see Electronic 
Appendix 1 for UTM coordinates). Zircon and monazite were isolated using standard mineral separation techniques, 
mounted in epoxy, and polished to reveal the centers. Cathodoluminescence (CL) images of the polished zircon and 
backscattered electron (BSE) images of the polished monazite were acquired by a JEOL JXA-733 Superprobe at the 
Massachusetts Institute of Technology. Elemental compositions of polished monazite were measured by electron 
probe microanalysis (EPMA) with an accelerating voltage of 15 kV and beam current of 100 nA. Counting times on 
peak were 120 seconds for Pb, 60 seconds for U and Y, and 20 seconds for all other elements. Counting time on 
backgrounds were the same and split between each side of the peak. Background positions were carefully chosen to 
avoid secondary peak interferences and the detectors were optimally set for pulse-height analysis. UM  was used for 
U measurement and the intensity was corrected for Th interference. PbM  was measured and its intensity was 
corrected for Y and Th interferences. L  X-rays were used to measure Nd, Pr, Gd and Sm. Interferences among the 
rare earth elements were corrected as outlined in Pyle et al. (2002). Interference correction in the X-ray intensity of 
an element was based on the intensity of the same X-ray in a standard free of that element but containing the 
interfering element. For example, UM  intensity in the sample was corrected for Th interference by subtracting the 
UM  intensity in U-free thorite (the Th standard) multiplied by the k-ratio of ThM  in the sample. Raw data were 
corrected for matrix effects with the CITZAF program (Armstrong, 1995). Data are in Electronic Appendix 2.  
 
Chemical U-Th-Pb dates based on concentrations from EPMA were calculated to guide laser ablation inductively 
coupled plasma mass spectrometer (LA-ICPMS) dating and estimate the age of domains that are too small for LA-
ICPMS dating. Because a low degree of accuracy and precision was required to distinguish between monazite that is 
Paleoproterozoic (thousands of ppm Pb) from that which is Tertiary (zero to hundreds of ppm Pb), the U, Th, and Pb 
measurements were made relatively quickly and thus the dates are considered to be reconnaissance. Accuracy of the 
U-Th-Pb chemical dates was confirmed by the LA-ICPMS dating that showed Paleoproterozoic and Tertiary 
chemical dates were from 1.9 Ga and 50 Ma monazite, respectively. Identification of domains in several monazite 
grains was facilitated with X-ray maps of Pb, Th, U, and Y made by EPMA on a Cameca SX-50 at the University of 
Massachusetts (Goncalves et al., 2005). In particular, the approximate age of the domains (Paleoproterozoic versus 
Tertiary) was discerned from the X-ray maps of Pb. 
 
U-Pb isotopic measurements of zircon and monazite were performed using a VG PlasmaQuad PQ-2S+ inductively 
coupled plasma mass spectrometer attached to an in-house built 266 nm frequency coupled Nd-YAG laser ablation 
microprobe at Memorial University of Newfoundland (Jackson et al., 1992). The LA-ICPMS dating method broadly 
followed that outlined by Košler & Sylvester (2003), and Crowley et al. (2005). The laser produced a ~38 and ~25 
m wide square pit in zircon and monazite, respectively, by rastering the stage beneath the laser beam. The pit was 
~10 μm deep. The efficiency of the mass bias correction and a correction for laser induced fractionation were 
monitored by measurements of the zircon standard 91500 (Wiedenbeck et al., 1995) and an in-house ~550 Ma 
monazite standard from Madagascar after every seven analyses of unknowns. U-Pb concordia plots and histograms 
in Fig. 3 were constructed with Isoplot (Ludwig 2003) based on data in Electronic Appendix 1. Paleoproterozoic 
ages are given as 
207
Pb/
206
Pb dates and Tertiary ages are given as 
206
Pb/
238
U dates. Errors are 2 .  
 
RESULTS 
 
JC-09-03 (folded pegmatite)  
Sample JC-09-03 is from a pinched-and-swelled, narrow (up to 0.5 m wide) pegmatite layer. It was deformed by two 
phases of folding (Fig. 4a), the earlier being tight and axial planar to the dominant gneissosity in the host gneisses 
and the later was upright and open. Although it is uncertain whether the folded pegmatite underwent all deformation 
experienced by the host gneisses, it was clearly more deformed than the other samples, including JC-08-03 and JC-
308-03 that occur in the same outcrop.  
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Zircon is composite with oscillatory-zoned CL-dark rims around CL-bright cores with zoning that is truncated at the 
boundary with the rims (Fig. 5a). The U-rich nature of the rims is indicated by the CL-dark character that is typical 
of zircon with high U concentrations. Zircon dates from the rims are concordant to highly discordant. The array on 
the concordia plot indicates that the disturbance to the system occurred relatively recently, probably due to Pb loss in 
these U-rich grains, and thus the 
207
Pb/
206
Pb dates should be close to the primary dates. Sixteen dates (from 13 
grains) from the CL-dark rims yielded a weighted mean date of 1925 ± 15 Ma (MSWD = 0.8) (Fig. 3a). Six CL-
bright cores are 2.3-2.2 Ga. Monazite has weak patchy zoning (Fig. 6a). Seventeen grains yielded a weighted mean 
date of 1863 ± 13 Ma (MSWD = 0.8) (Fig. 3a). Monazite has domains that appear to have formed by 
recrystallization of the weak patchy-zoned monazite due to their irregular shapes (Fig. 6a). EPMA dating (Fig. 6a) 
and X-ray mapping (Fig. 7a) show that the secondary monazite is more commonly Tertiary than Paleoproterozoic. 
Three LA-ICPMS dates from secondary monazite yielded a weighted mean date of 46.8 ± 2.0 Ma (MSWD = 0.7), 
with one grain being entirely Tertiary. Tertiary monazite is more compositionally diverse than Paleoproterozoic 
monazite and is relatively U- and Ca-depleted and Si-enriched (Figs. 7a, 8).  
 
JC-13-03 (granite sheet) 
Sample JC-13-03 is from a several meter-wide sheet of grey medium-grained biotite granite (Fig. 4b) that is 
interpreted as being part of the Bourne granite suite that pervasively intruded into basement orthogneiss in the 
northern part of the dome (Crowley, 1999). The ubiquity, characteristic appearance, and intrusive relationships of 
Bourne granite make it the most valuable strain marker in the region. The sheet has a homogeneous and equigranular 
texture, with weak lineation and foliation. The near pristine appearance of the granite, including where it is highly 
discordant to the gneissosity in the host augen gneiss (Fig. 4b), indicates intrusion postdated migmatization.  
 
Zircon is mostly oscillatory- and sector-zoned (Fig. 5b). Twelve grains yielded a weighted mean date of 1846 ± 14 
Ma (MSWD = 0.8) (Fig. 3b). Oscillatory- and sector-zoned zircon is typically surrounded by CL-dark rims (Fig. 5b) 
that are too narrow (<20 mm wide) for dating with the laser pit size used in this study. Cores and whole grains with 
different zoning patterns and CL brightness are common, with three grains being 2.3-2.0 Ga . Monazite is 
moderately sector-zoned (Fig. 6b) and commonly surrounded by thick (hundreds of microns wide) coronas resulting 
from the breakdown of monazite to (in order of decreasing abundance) apatite, allanite, Th-rich monazite, phengite, 
and thorite. Thirty-one grains yielded a weighted mean date of 1842 ± 15 Ma (MSWD = 0.6) (Fig. 3b). The 
combined zircon and monazite weighted mean date is 1846 ± 14 Ma (MSWD = 0.6). Monazite has small (few 
microns) to medium-sized (50 m) domains that are interpreted as having formed by recrystallization of the sector-
zoned monazite due to their irregular-shapes and truncation of primary zoning (Fig. 6b). EPMA dating (Fig. 6b) and 
X-ray mapping (Fig. 7b) show that Paleoproterozoic secondary domains are larger and more common than Tertiary 
domains. Paleoproterozoic secondary monazite is compositionally similar to primary monazite (Fig. 8) and Tertiary 
monazite is Y-poorer (Fig. 7b). 
 
JC-19-03 (granite sheet) 
Sample JC-19-03 is from a meter-wide sheet of grey medium-grained biotite granite with centimeter-wide 
apophyses that cut across the gneissosity in the host gneiss at high angles (Fig. 4c). It is similar to JC-13-03 and 
considered as being part of the Bourne granite suite.  
 
Zircon is oscillatory- and sector-zoned (Fig. 5c). Twenty-five grains yielded a weighted mean date of 1857 ± 9 Ma 
(MSWD = 1.0) (Fig. 3c). Cores with different zoning patterns and CL brightness are common. Seven cores yielded a 
weighted mean date of 1980 ± 21 Ma (MSWD = 0.6). Monazite is strongly oscillatory-zoned (Fig. 6c) and has 
coronas similar to those in sample JC-13-03. Thirteen grains yielded a weighted mean date of 1842 ± 24 Ma 
(MSWD = 0.4) (Fig. 3c). The combined zircon and monazite weighted mean date is 1855 ± 9 Ma (MSWD = 0.8). 
Some monazite grains have small- (few microns) to medium-sized (50 m) domains that are interpreted as having 
formed by recrystallization due to their irregular-shapes and truncation of primary zoning (Fig. 6c). EPMA dating 
(Fig. 6c) shows that secondary monazite is Paleoproterozoic and compositionally similar to primary monazite (Fig. 
8). 
 
JC-308-03 (pegmatite dike) 
Sample 308 is from a pinched-and-swelled, 2-4 m wide muscovite biotite pegmatite dike that is vertical and cuts the 
gneissosity in the host gneisses at a high angle (Fig. 4d). It has a weak foliation defined by aligned coarse biotite that 
parallels the gently-dipping gneissosity in the host gneisses. It contains small lenses of grey medium-grained, 
weakly foliated biotite granite that is similar to Bourne granite (samples JC-13-03 and JC-19-03).  
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Zircon is oscillatory-zoned (Fig. 5d) and the U-rich nature is indicated by the CL-dark character that typifies zircon 
with high U concentrations. Sixteen grains yielded a weighted mean date of 1856 ± 10 Ma (MSWD = 0.7) (Fig. 3d). 
Cores with different zoning patterns and CL brightness are common, with two being ~1.96 Ga. Monazite has a 
variety of zoning patterns, including oscillatory, sector, and patchy (Fig. 6d). Ten grains yielded a weighted mean 
date of 50.7 ± 1.8 Ma (MSWD = 0.6) (Fig. 3d). EPMA dating shows that all monazite is Tertiary (Fig. 6d) and 
compositionally diverse (Fig. 8). Heterogeneity in the abundance of monazite in the dike is shown by the lack of 
monazite in a sample previously collected at the same locality (Crowley, 1999).  
 
JC-08-03 (pegmatite dike) 
Sample JC-08-03 is from a narrow (0.1-1 m wide) garnet muscovite biotite pegmatite dike that is vertical and cuts 
the gneissosity in the host gneisses at a high angle (Fig. 4e, f). The igneous textures and undeformed appearance 
suggest intrusion after gneissosity formation.  
 
Zircon has mostly oscillatory and sector zoning (Fig. 5e). Twenty-four dates from 21 grains yielded a weighted 
mean of 1845 ± 7 Ma (MSWD = 0.6) (Fig. 3e). Cores with different zoning patterns and CL brightness exist in 
~20% of the imaged grains, but none were dated due to small size. Monazite is strongly oscillatory- and sector-
zoned (Fig. 6e). Twenty grains yielded a weighted mean date of 1850 ± 17 Ma (MSWD = 0.2) (Fig. 3e). The 
combined zircon and monazite weighted mean date is 1846 ± 7 Ma (MSWD = 0.4). Oscillatory- and sector-zoned 
monazite has two similar, yet distinct composition populations (Fig. 8). Many grains have small (few microns) to 
large (100 m) domains that are irregular-shaped, have strong patchy to weak zoning, and cut across oscillatory and 
sector zoning in the rest of the grains (Fig 7c). These characteristics suggest the domains formed during secondary 
growth by recrystallization of primary monazite. EPMA dating shows that most secondary domains are 
Paleoproterozoic (20 of 21 spots placed in secondary monazite are Paleoproterozoic (Fig. 6e)), yet some grains have 
a considerable amount of Tertiary secondary monazite (Fig. 7c). Secondary Paleoproterozoic monazite has more 
compositional variability than primary monazite and some Tertiary monazite is Y-poorer than Paleoproterozoic 
monazite (Fig. 7c). 
 
AGE INTERPRETATION 
 
Interpretation of whether igneous crystallization of the granitic rocks occurred at 1.9 Ga or 50 Ma is based on U-
(Th)-Pb dates of zircon and monazite, field relationships, and mineral composition and zoning. Each dataset on its 
own is insufficient for age interpretation, but together provide solid evidence. 
 
U-(Th)-Pb dates 
Age interpretation starts with U-(Th)-Pb dates from all zircon and monazite chemical domains large enough for 
analysis. Zircon dates are equivalent within each sample, excluding the small number of >1.95 Ga dates from cores 
and whole grains that appear to be inherited based on differences in zoning and CL brightness. Dates are also 
equivalent between samples with a weighted mean of 1851 ± 5 Ma (MSWD = 0.8), excluding sample JC-09-03 that 
yielded a weighted mean of 1925 ± 15 Ma. No younger zircon was found, but it is not certain that all zircon is 1.9 
Ga because the 40 x 40 m spot of the laser was too large for dating the narrow rims on some grains. The 
overwhelming dominance of 50 Ma zircon may indicate igneous crystallization at 1.9 Ga. However, evidence other 
than zircon dates must be considered given the possibility that all zircon is inherited. 
 
Monazite dated at 1.9 Ga comprises >90% of the population in four samples. The 1.9 Ga monazite
 
dates are 
equivalent within each sample and between samples with a weighted mean of 1852 ± 8 Ma (MSWD = 0.6). Zircon 
and monazite dates from all samples are equivalent with a weighted mean of 1851 ± 4 (MSWD = 0.7), excepting the 
aforementioned older and younger dates. Monazite dated at 50 Ma forms all of the population in one sample and 
<10% of the other samples. The rarity of monazite inheritance and the dominance of 1.9 Ga monazite in four 
samples suggest that igneous crystallization occurred at 1.9 Ga. However, evidence other than monazite dates must 
be considered because there is one known case of complete monazite inheritance (Gilotti & McClelland, 2005).  
 
Field relationships 
Inheritance can be identified upon comparison of U-Pb dates with relative ages based on field relationships. U-Pb 
dates must be consistent with relative ages if the granitic rocks crystallized at 1.9 Ga, but not necessarily if 1.9 Ga 
zircon and monazite are inherited. Pegmatite layer JC-09-03 is considered to be the oldest sample because it was 
deformed by two fold generations, the earlier of which resulted in isoclinal structures (Fig. 4a), and the other 
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samples were weakly deformed or undeformed (Fig. 4b-f). For example, pegmatite dyke JC-08-03 is undeformed 
and lies only 35 m from JC-09-03. JC-09-03 has 1925 ± 15 Ma zircon that is older than the dominant zircon in the 
other samples, showing that U-Pb dates are consistent with relative ages.  
 
Inheritance is also assessed by comparing the ages of zircon and monazite with those in the host rocks, the likely 
source for inherited grains in these small-volume, locally-derived granitic rocks. The host rocks are 2.3-2.1 Ga 
orthogneiss and older paragneiss. Two samples do contain 2.3-2.1 Ga zircon that is thought to be inherited because it 
occurs as cores and whole grains with different zoning patterns and CL brightness compared to the dominant 1.9 Ga 
zircon. A similar origin is probable for ~1.98 Ga zircon cores in two samples. A 1.9 Ga gneiss that could be an 
inheritance source for the dominant 1.9 Ga zircon and monazite is not known in the study area; the nearest dated 1.9 
Ga gneiss lies ~30 km to the northwest. Nevertheless, evidence other than field relationships must be considered 
because it cannot be ruled out that 1.9 Ga gneiss exists in the study area given the small number of dated samples 
and it may lie below the exposed surface.  
 
Mineral composition and zoning 
Several assumptions are made when using the composition and zoning of zircon and monazite to assess inheritance. 
Grains that formed during igneous crystallization of the sample should have (i) zoning typical of grains crystallized 
from magma, (ii) similar composition and zoning within samples, and (iii) different composition and zoning 
between samples. Inherited grains should be (i) broadly similar to grains in the host rocks, the likely inheritance 
sources for small-volume, locally-derived granitic rocks, and (ii) similar between samples. It is expected that 
inherited grains in our study would have variable composition and zoning within each sample because the granitic 
rocks are hosted by heterogeneous gneisses. Moreover, most inherited grains should not appear to be from 
peraluminous granitic magmas given the lack of peraluminous granitic rocks in the host gneisses.  
 
The 1.9 Ga zircon is thought to have formed during igneous crystallization of the sample because CL brightness and 
zoning are similar within samples and different between samples (Fig. 5). Bright grains in JC-08-03 with strong fine 
oscillatory zoning contrast with dark grains in JC-09-03 with weak oscillatory zoning. Grains in JC-308-03 are also 
dark, but differ from those in JC-09-03 by having better developed oscillatory zoning. Grains in JC-13-03 and JC-
19-03 have similar strong oscillatory and sector zoning; similarity is expected because these samples are from 
identical-looking granite sheets that are considered to be part of the Bourne granite suite. Growth of zircon from 
magma is suggested by the oscillatory and sector zoning (Fig. 5) (Corfu et al., 2003). Growth from granitic magmas 
is suggested by moderate to high U concentrations that are typical of granitic magmas. The CL-dark nature of zircon 
in JC-09-03 and JC-308-03 indicates that the grains are U-rich and ID-TIMS dating shows that zircon in rocks from 
which JC-08-03 and JC-308-03 were collected are U-rich, with 1000-2200 and 500-2500 ppm, respectively 
(Crowley, 1999). In contrast, zircon in the host gneisses is U-poorer, with <500 ppm (Crowley, 1999). 
 
The 1.9 Ga monazite is also thought to have formed during igneous crystallization of the sample because of 
similarities in zoning within samples and differences between samples (Fig. 6). Strong oscillatory zoning in grains in 
JC-08-03 and JC-19-03 contrast with patchy zoning in grains in JC-09-03 and sector zoning in grains in JC-13-03. 
Primary 1.9 Ga monazite is compositionally uniform within samples and rather distinct between samples (Fig. 8), 
with the exception of the two samples of Bourne granite (JC-13-03 and JC-19-03) that are similar. Monazite growth 
in JC-08-03 and JC-19-03 from magmas is suggested by oscillatory zoning (Fig. 6). 
 
Sample JC-308-03 differs from the others by containing monazite with drastically different zoning. There is more 
variability in BSE brightness between grains in JC-308-03 than there is between grains in all other samples (Fig. 9). 
This observation is important because JC-308-03 is the only sample with only 50 Ma monazite. The 50 Ma monazite 
is compositionally diverse, with nearly as much diversity within JC-308-03 as between all primary 1.9 Ga monazite 
in the other four samples (Fig. 8). Based on the inference that metamorphic fluids are more compositionally diverse 
than granitic magmas, we suggest that the variable zoning and composition in 50 Ma monazite is due to growth from 
metamorphic fluids. Metamorphic monazite can be oscillatory-zoned, but it typically has patchy zoning. Patchy 
zoning in JC-09-03 indicates a metamorphic origin for grains that grew ~60 myr after magmatic zircon in the 
sample.  
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Igneous crystallization at 1.9 Ga 
We conclude that the granitic rocks crystallized at 1.9 Ga and were metamorphosed at 50 Ma during the Cordilleran 
orogenesis because 1.9 Ga zircon and monazite inheritance is unlikely given that (i) host rocks are heterogeneous 
2.3-2.0 Ga gneisses: (ii) zircon yielded 1.9 Ga dates that are equivalent within samples, (iii) zircon is from magma 
that appears to be unique to each sample, (iv) >90% of the monazite in four of five samples yielded 1.9 Ga monazite 
dates that are equivalent within samples, (v) 1.9 Ga monazite in three samples is from magma that appears to be 
unique to each sample, (vi) variable composition and zoning of 50 Ma monazite suggest growth from metamorphic 
fluids, and (vii) field relationships are consistent with 1.9 Ga crystallization.  
 
The crystallization age of the strongly deformed pegmatite layer (JC-09-03) is interpreted from the zircon date of 
1925 ± 15 Ma. The 1863 ± 13 Ma monazite grew during metamorphism that coincided with intrusion of the other 
samples, which were weakly deformed to undeformed. Crystallization ages of weakly deformed Bourne granites, 
JC-13-03 and JC-19-03, are interpreted from the combined zircon and monazite dates of 1846 ± 14 and 1855 ± 9 
Ma, respectively. The crystallization age of the weakly deformed pegmatite dike (JC-308-03) is interpreted from the 
zircon date of 1856 ± 10 Ma. The 50.7 ± 1.8 Ma monazite grew during Cordilleran metamorphism, synchronous 
with monazite in nearby pelitic schist (Crowley and Parrish, 1999). The crystallization age of the undeformed 
pegmatite dike (JC-08-03) is interpreted from the combined zircon and monazite date of 1846 ± 7 Ma. 
 
Results confirm that basement gneisses in a small (several square kilometer) part of the Frenchman Cap dome were 
last strongly deformed and partly melted at 1.9 Ga (Crowley, 1999; Crowley et al., 2001). If granite that is 
considered to be part of the Bourne granite suite based on appearance and field relationships is indeed part of the 
suite, the region that escaped severe Tertiary (Cordilleran) tectonism is considerably larger, perhaps tens of square 
kilometers. The weak Tertiary overprint experienced by parts of the Frenchman Cap basement contrasts with the 
intense Tertiary tectonism recorded in higher structural levels of the dome (Journeay, 1986; Crowley and Parrish, 
1999; Crowley et al., 2001; Foster et al., 2004) and in many parts of the Thor-Odin dome (Vanderhaeghe et al., 
1999; Hinchey et al., 2006, 2007). Further geochronology, petrology, and structural analysis are needed to explain 
the differences in the intensity of Tertiary tectonism between structural levels within the Frenchman Cap dome and 
between it and the Thor-Odin dome. 
 
SUMMARY 
 
Identifying inherited zircon and monazite is crucial for accurate geochronology of granitic rocks. U-(Th)-Pb dates 
from all chemical domains are the starting dataset to which other types of evidence are added. We use zircon and 
monazite dates, field relationships, and mineral composition and zoning to show that five granitic rocks in the 
Canadian Cordillera crystallized at 1.9 Ga rather than during Cordilleran orogenesis at 50 Ma. Zircon and monazite 
yielded 1.9 Ga dates that are equivalent within samples, except for small 50 Ma monazite domains and one sample 
with only 50 Ma monazite. The oldest sample based on field relationships yields older dates than the other samples. 
The granitic rocks are small-volume melts hosted by heterogeneous 2.3-2.0 Ga gneisses lacking 1.9 Ga components 
that could be the sources for any 1.9 Ga inherited grains. The 1.9 Ga grains have composition and zoning suggestive 
of crystallization from granitic magmas. These aspects are uniform within samples, yet differ between samples, 
indicating that the grains crystallized from magmas unique to each sample; this scenario would be fortuitous if the 
1.9 Ga grains are inherited. The 50 Ma monazite is compositionally different than the 1.9 Ga monazite and variable 
within samples, suggesting that it did not grow from a uniform source such as a magma, but rather diverse 
metamorphic fluids.  
 
The presence of weakly deformed to undeformed 1.9 Ga sheets and dikes indicates that a structurally deep part of 
the Cordillera remained free of melt and rigid throughout Tertiary orogenesis.  
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FIGURE CAPTIONS 
 
Figure 1. Tectonic assemblage map in the vicinity of the Monashee complex, modified after Wheeler and McFeely 
(1991), showing the location of Fig. 2. The dark grey square in inset locates the map with respect to the 
morphogeologic belts of the Canadian Cordillera. 
 
Figure 2. Fig. 3. Geologic map of the northern part of the Frenchman Cap dome, modified after Wheeler (1965) and 
Journeay (1986) showing sample localities.  
 
Figure 3. U-Pb concordia plots and histograms of LA-ICPMS 
207
Pb/
206
Pb and 
206
Pb/
238
U dates. Long grey bars in 
histogram show the weighted mean date. Unfilled date bars were not used in the weighted mean calculations 
because they are from zircon interpreted as being inherited. Errors are 2 . 
 
Figure 4. Field relationships of dated samples. Notebook is 20 cm long and card is 8 cm long. (a) JC-09-03 is from 
pegmatite layer that was deformed by two generations of folds. Sample was collected 2 m from this locality. (b) JC-
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13-03 is from granite sheet that is homogeneous and weakly deformed where it cuts across gneissosity in host gneiss 
(above notebook). Sample was collected 3 m from this locality. (c) JC-19-03 is from granite sheet that is 
homogeneous and weakly deformed where narrow apophyses cut across gneissosity in host gneiss. Sample was 
collected ~10 m from this locality. (d) JC-308-03 is from a vertical pegmatite dike that cuts gneissosity in host 
gneiss at a high angle. Sample was collected below geologist. (e) JC-08-03 is from narrow, vertical pegmatite dike 
that cuts gneissosity in host gneiss at a high angle. Sample was collected partway up the outcrop. (f) JC-08-03 
pegmatite dike cuts gneissosity in host gneiss at a high angle. Locality is several meters below outcrop shown in 
photograph (e). 
 
Figure 5. CL images of zircon, showing location of LA-ICPMS spots with 
207
Pb/
206
Pb dates.  
 
Figure 6. BSE images of monazite, showing location of LA-ICPMS spots with 
207
Pb/
206
Pb and 
206
Pb/
238
U dates and 
EPMA spots with reconnaissance U-Th-Pb dates.  
 
Figure 7. Maps of U, Th, Pb, and Y in monazite obtained by EPMA. BSE images at left show location of LA-
ICPMS spots with 
207
Pb/
206
Pb dates and EPMA spots with reconnaissance U-Th-Pb dates. Dashed line is the 
boundary between Paleoproterozoic and Tertiary monazite indicated by the Pb map. 
 
Figure 8. Plots of element concentrations from monazite obtained by EPMA. 
 
Figure 9. BSE images of monazite that were collected simultaneously within each sample, showing differences in 
BSE brightness within samples. 
Grain
207Pb ± (%)
206Pb ± (%)
207Pb ± (%) corr.
207Pb ±
206Pb ±
207Pb ± Disc.
1
label
235U 2s 
238U 2s 
206Pb 2s coef.
235U 2s 
238U 2s 
206Pb 2s %
Sample JC-08-03  Pegmatite dyke  (UTM coordinates: 390219E 5686678N; WGS84) 
Monazite
XL1 5.2002 4.68 0.33222 4.11 0.11360 4.15 0.704 1852.7 39.8 1849.2 66.1 1857.8 75.0 0.5
L1 4.8507 4.75 0.31872 3.94 0.11328 4.11 0.692 1793.7 40.0 1783.5 61.4 1852.7 74.3 3.7
L2 4.8120 5.12 0.32087 4.55 0.11071 5.72 0.622 1787.0 43.0 1794.0 71.2 1811.1 104.0 0.9
L3 4.8840 3.69 0.30594 4.32 0.11363 4.17 0.719 1799.5 31.1 1720.7 65.2 1858.3 75.2 7.4
L4 5.0399 4.38 0.32543 2.98 0.11191 3.98 0.600 1826.1 37.1 1816.2 47.2 1830.6 72.0 0.8
L5 5.1846 4.33 0.33159 4.03 0.11382 4.46 0.670 1850.1 36.8 1846.1 64.7 1861.3 80.5 0.8
L6 5.1042 3.88 0.32978 3.39 0.11266 3.83 0.663 1836.8 33.0 1837.3 54.2 1842.7 69.2 0.3
L7 5.2202 4.89 0.33774 3.59 0.11257 4.25 0.645 1855.9 41.7 1875.8 58.4 1841.3 76.8 -1.9
L8 5.1243 4.09 0.33354 3.69 0.11411 3.49 0.726 1840.1 34.7 1855.5 59.5 1865.8 62.9 0.6
L9 5.1040 3.61 0.33587 3.23 0.11202 4.23 0.607 1836.8 30.7 1866.7 52.3 1832.4 76.5 -1.9
L10 4.6309 5.47 0.30493 5.60 0.11267 3.62 0.840 1754.8 45.7 1715.7 84.4 1842.9 65.4 6.9
M2 5.0402 5.71 0.32511 3.60 0.11194 5.06 0.579 1826.1 48.4 1814.6 56.9 1831.1 91.6 0.9
M3 5.0139 7.19 0.31711 5.85 0.11113 8.02 0.589 1821.7 60.8 1775.6 90.8 1818.0 145.4 2.3
M7 5.0693 5.38 0.32011 5.12 0.11443 5.82 0.661 1831.0 45.7 1790.3 80.0 1871.0 104.8 4.3
M8 4.8572 4.66 0.31101 4.32 0.11109 5.43 0.623 1794.9 39.2 1745.7 66.1 1817.4 98.4 3.9
M9 5.0460 4.49 0.31903 4.13 0.11305 5.36 0.610 1827.1 38.1 1785.0 64.5 1849.0 96.9 3.5
M10 4.8327 5.25 0.31431 4.15 0.11218 5.02 0.637 1790.6 44.1 1761.9 64.0 1835.0 90.8 4.0
S1 5.0457 3.22 0.33062 3.22 0.11260 3.11 0.719 1827.0 27.3 1841.4 51.6 1841.8 56.2 0.0
S19 5.1308 4.83 0.33330 3.80 0.11439 3.73 0.714 1841.2 41.0 1854.4 61.3 1870.2 67.3 0.8
S20 5.0156 3.99 0.32107 3.73 0.11536 3.37 0.742 1822.0 33.8 1795.0 58.4 1885.5 60.6 4.8
Zircon
XL1 4.9982 4.11 0.32312 3.43 0.11541 2.74 0.782 1819.0 34.8 1804.9 54.0 1886.3 49.3 4.3
L1 4.8874 4.15 0.32067 4.36 0.11210 1.72 0.930 1800.1 35.0 1793.0 68.3 1833.7 31.2 2.2
L3 4.9898 4.76 0.32363 4.54 0.11370 1.94 0.920 1817.6 40.3 1807.4 71.6 1859.4 35.1 2.8
L4 4.8180 6.11 0.31625 5.38 0.11201 2.71 0.893 1788.0 51.4 1771.4 83.3 1832.2 49.1 3.3
L5 4.9420 4.20 0.31854 4.61 0.11323 1.43 0.955 1809.5 35.4 1782.6 71.8 1851.9 25.8 3.7
L6 4.9883 4.61 0.32310 4.67 0.11265 2.23 0.902 1817.3 39.0 1804.8 73.6 1842.7 40.4 2.1
L7 4.7948 5.26 0.31404 5.24 0.11290 1.49 0.962 1784.0 44.2 1760.6 80.8 1846.7 27.0 4.7
L8 4.7058 5.57 0.30862 5.37 0.11167 2.16 0.928 1768.3 46.6 1733.9 81.6 1826.8 39.2 5.1
M1 4.7680 4.73 0.31289 4.28 0.11184 2.32 0.879 1779.3 39.7 1754.9 65.8 1829.5 42.0 4.1
M1 5.4851 11.24 0.34677 10.19 0.11532 4.66 0.910 1898.3 96.5 1919.1 169.1 1884.9 83.9 -1.8
M2 4.9095 4.50 0.32178 3.80 0.11174 2.57 0.828 1803.9 37.9 1798.4 59.6 1827.9 46.6 1.6
M3 4.8817 3.97 0.31939 3.68 0.11251 1.11 0.958 1799.1 33.4 1786.7 57.4 1840.3 20.0 2.9
M4 4.7118 3.72 0.30560 3.83 0.11330 1.26 0.950 1769.3 31.1 1719.0 57.7 1853.1 22.8 7.2
M5 4.9266 2.97 0.31639 3.03 0.11366 1.22 0.927 1806.8 25.1 1772.1 47.0 1858.7 22.1 4.7
M6 4.8982 4.19 0.31693 4.00 0.11280 1.68 0.922 1801.9 35.4 1774.7 62.1 1845.0 30.4 3.8
M6 4.9100 7.64 0.31992 6.09 0.11259 2.82 0.940 1804.0 64.5 1789.3 95.1 1841.6 51.1 2.8
M7 4.6430 4.01 0.30565 3.62 0.11173 1.35 0.937 1757.0 33.5 1719.3 54.6 1827.8 24.5 5.9
M8 4.3272 9.80 0.28120 11.02 0.11299 3.71 0.943 1698.6 80.9 1597.4 156.0 1848.0 67.1 13.6
M8 4.3800 9.45 0.28286 10.23 0.11372 3.68 0.933 1708.6 78.1 1605.7 145.4 1859.8 66.4 13.7
M11 4.1508 13.76 0.26660 14.77 0.11249 4.47 0.953 1664.4 112.6 1523.5 200.4 1840.0 80.9 17.2
M12 5.2282 7.47 0.33149 6.92 0.11230 3.86 0.859 1857.2 63.7 1845.6 111.1 1837.0 69.8 -0.5
M13 4.3382 6.76 0.27995 7.52 0.11116 3.95 0.852 1700.7 55.8 1591.1 106.1 1818.5 71.7 12.5
M15 4.7968 8.30 0.30836 9.23 0.11210 3.90 0.906 1784.3 69.8 1732.7 140.3 1833.8 70.7 5.5
M16 4.0652 9.64 0.26103 9.89 0.11309 3.06 0.951 1647.3 78.6 1495.1 132.0 1849.7 55.3 19.2
Sample JC-09-03  Pegmatite layer  (UTM coordinates: 390200E 5686650N; WGS84) 
Monazite
XL1 5.3484 3.15 0.34289 3.04 0.11334 3.18 0.691 1876.6 26.9 1900.6 50.0 1853.6 57.3 -2.5
L1 5.2225 3.21 0.33273 3.62 0.11362 2.98 0.772 1856.3 27.3 1851.6 58.3 1858.2 53.8 0.4
L2 5.2154 3.60 0.33338 3.09 0.11459 2.99 0.718 1855.1 30.7 1854.7 49.9 1873.4 53.9 1.0
L3 5.2431 3.52 0.33787 3.39 0.11253 2.45 0.811 1859.7 30.0 1876.4 55.3 1840.7 44.3 -1.9
L4 5.1482 2.77 0.32817 3.45 0.11529 3.17 0.737 1844.1 23.6 1829.5 54.9 1884.5 56.9 2.9
L5 5.4050 3.07 0.33860 2.93 0.11694 2.85 0.716 1885.6 26.3 1879.9 47.7 1909.9 51.1 1.6
M1 5.1368 3.17 0.33630 3.33 0.11213 3.42 0.697 1842.2 26.9 1868.9 54.0 1834.2 61.9 -1.9
M2 4.9705 4.00 0.31447 4.40 0.11288 2.92 0.833 1814.3 33.8 1762.7 67.8 1846.4 52.7 4.5
M3 4.8422 4.27 0.31454 4.31 0.11365 2.85 0.834 1792.3 36.0 1763.0 66.4 1858.5 51.5 5.1
M5 5.2296 3.69 0.33458 3.71 0.11657 3.93 0.687 1857.5 31.4 1860.6 59.9 1904.2 70.4 2.3
M7 5.1900 3.85 0.33338 3.17 0.11296 3.23 0.700 1851.0 32.8 1854.8 51.0 1847.6 58.4 -0.4
M7 0.0423 16.65 0.00782 10.93 0.03810 18.30 0.513 42.1 6.9 50.2 5.5 -478.2 485.4 110.5
M8 5.2103 3.66 0.34144 3.53 0.11188 3.79 0.682 1854.3 31.1 1893.6 58.0 1830.1 68.5 -3.5
M11 0.0506 14.38 0.00723 10.39 0.04780 14.67 0.578 50.1 7.0 46.5 4.8 89.4 347.7 48.0
M11 0.0652 11.92 0.00708 9.57 0.06062 16.71 0.497 64.1 7.4 45.5 4.3 625.7 360.0 92.7
M12 5.1922 3.67 0.33421 3.61 0.11442 3.31 0.738 1851.3 31.3 1858.7 58.3 1870.7 59.5 0.6
M16 5.0650 3.64 0.33174 4.19 0.11112 3.35 0.781 1830.3 30.9 1846.8 67.3 1817.8 60.7 -1.6
M19 5.4251 4.15 0.34223 4.19 0.11314 3.01 0.812 1888.8 35.6 1897.4 68.9 1850.5 54.3 -2.5
Atomic ratios Dates (Ma)
S1 0.0363 30.16 0.00725 6.41 0.03527 22.65 0.272 36.2 10.7 46.5 3.0 -687.5 628.0 106.8
S4 5.4247 3.50 0.34512 3.44 0.11452 2.85 0.771 1888.8 30.0 1911.3 57.0 1872.3 51.2 -2.1
S5 5.2687 3.30 0.33806 3.22 0.11550 2.13 0.834 1863.8 28.2 1877.3 52.4 1887.7 38.3 0.6
Zircon
M1 4.0928 9.60 0.25045 8.39 0.11872 2.55 0.969 1652.9 78.4 1440.8 108.3 1937.0 45.6 25.6
M1 7.3052 4.20 0.37725 4.98 0.13929 3.96 0.640 2149.4 37.5 2063.4 87.9 2218.4 68.6 7.0
M3 3.2978 12.20 0.20624 10.80 0.11737 3.65 0.957 1480.5 95.1 1208.8 119.0 1916.6 65.5 36.9
M3 3.6705 7.06 0.22021 6.98 0.11985 3.12 0.901 1565.0 56.3 1283.0 81.3 1954.0 55.8 34.3
M4 3.7552 14.40 0.23702 11.41 0.11707 4.65 0.962 1583.2 115.5 1371.2 140.9 1912.0 83.4 28.3
M6 7.7193 6.12 0.38304 5.85 0.14501 5.11 0.637 2198.8 55.0 2090.5 104.4 2287.9 87.8 8.6
M6 3.3232 11.28 0.20037 11.77 0.11766 3.39 0.958 1486.5 88.0 1177.3 126.6 1921.0 60.8 38.7
M11 6.8701 10.81 0.34677 8.93 0.14230 4.67 0.905 2094.8 95.8 1919.1 148.2 2255.3 80.6 14.9
M12 5.3212 9.07 0.31292 9.52 0.12052 3.48 0.931 1872.3 77.5 1755.1 146.3 1964.0 62.0 10.6
M14 4.8171 8.36 0.29470 6.73 0.11873 3.19 0.933 1787.9 70.3 1665.0 98.8 1937.2 57.1 14.1
M14 7.4062 18.08 0.38450 14.95 0.13447 9.13 0.864 2161.7 161.7 2097.3 267.6 2157.1 159.3 2.8
M16 4.2339 8.91 0.26324 9.52 0.11676 3.29 0.938 1680.6 73.2 1506.4 127.8 1907.2 59.1 21.0
M20 3.8657 11.29 0.24328 10.82 0.11873 3.20 0.959 1606.6 91.1 1403.7 136.5 1937.1 57.3 27.5
M21 8.4937 12.02 0.41078 11.92 0.15013 3.20 0.964 2285.3 109.2 2218.5 223.8 2347.4 54.8 5.5
M22 3.6947 17.41 0.23225 15.66 0.11623 4.50 0.968 1570.2 139.2 1346.3 190.3 1899.0 81.0 29.1
M22 5.4153 9.49 0.33654 10.80 0.11428 5.51 0.860 1887.3 81.4 1870.0 175.3 1868.6 99.4 -0.1
S3 4.6013 6.60 0.28000 6.71 0.12046 3.33 0.875 1749.5 55.1 1591.4 94.6 1963.0 59.4 18.9
S6 8.6464 7.05 0.43084 7.73 0.14784 2.76 0.934 2301.5 64.2 2309.5 150.0 2321.1 47.4 0.5
S15 4.4316 8.93 0.28050 9.03 0.11512 2.90 0.948 1718.3 74.0 1593.9 127.5 1881.7 52.2 15.3
S19 3.3790 13.70 0.21246 14.01 0.11540 4.31 0.952 1499.5 107.3 1241.9 158.3 1886.1 77.7 34.2
S22 4.5990 6.66 0.29073 5.63 0.11874 3.00 0.894 1749.1 55.6 1645.2 81.8 1937.4 53.7 15.1
S26 3.0277 28.29 0.19216 27.07 0.11590 3.91 0.991 1414.6 215.9 1133.1 281.3 1894.0 70.4 40.2
Sample JC-13-03  Granite sheet  (UTM coordinates: 389440E 5688070N; WGS84) 
Monazite
XL1 5.0517 5.75 0.31743 5.04 0.11567 5.19 0.697 1828.0 48.7 1777.1 78.3 1890.3 93.3 6.0
XL2 4.8631 4.52 0.32422 3.88 0.10937 5.28 0.592 1795.9 38.1 1810.3 61.2 1789.0 96.1 -1.2
XL3 4.9395 5.31 0.32456 3.43 0.11133 5.47 0.531 1809.0 44.8 1812.0 54.2 1821.2 99.1 0.5
XL4 4.7787 5.60 0.31061 4.59 0.10982 5.30 0.654 1781.2 47.0 1743.7 70.1 1796.4 96.4 2.9
L1 4.8299 5.06 0.31763 3.86 0.11061 5.09 0.604 1790.1 42.6 1778.1 59.9 1809.4 92.4 1.7
L4 5.1447 5.31 0.31863 3.93 0.11320 4.66 0.645 1843.5 45.2 1783.0 61.2 1851.4 84.1 3.7
L5 5.4332 5.42 0.34692 4.36 0.11444 5.44 0.625 1890.1 46.5 1919.9 72.4 1871.1 97.9 -2.6
L6 4.8434 5.69 0.31713 4.80 0.10871 5.54 0.654 1792.5 47.9 1775.7 74.4 1778.0 100.9 0.1
L7 5.1774 5.87 0.32367 4.23 0.11209 5.05 0.642 1848.9 49.9 1807.6 66.6 1833.6 91.3 1.4
L8 5.2605 5.39 0.32595 5.15 0.11505 6.40 0.626 1862.5 46.0 1818.7 81.5 1880.7 115.1 3.3
L9 4.7818 6.55 0.31044 5.02 0.11305 5.18 0.696 1781.7 55.0 1742.9 76.6 1849.0 93.5 5.7
L10 4.5323 4.60 0.29995 3.49 0.10817 5.15 0.561 1736.9 38.3 1691.0 51.9 1768.8 93.9 4.4
L11 5.2166 5.56 0.32773 4.55 0.11373 6.48 0.575 1855.3 47.4 1827.4 72.4 1859.8 116.8 1.7
L12 5.1845 5.15 0.32643 5.29 0.11171 4.80 0.740 1850.1 43.8 1821.0 83.9 1827.4 86.9 0.3
L13 5.0415 4.59 0.31993 3.81 0.11085 3.95 0.694 1826.3 38.9 1789.4 59.5 1813.3 71.7 1.3
L14 5.0088 6.41 0.31892 4.67 0.11468 5.82 0.626 1820.8 54.3 1784.5 72.8 1874.9 104.8 4.8
L16 4.8124 5.10 0.30691 4.72 0.11263 5.38 0.660 1787.1 42.9 1725.5 71.5 1842.4 97.1 6.3
L17 4.6383 6.10 0.29998 5.32 0.11070 5.33 0.706 1756.2 50.9 1691.2 79.1 1810.9 96.7 6.6
L18 4.9393 5.73 0.31305 4.61 0.11150 5.60 0.636 1809.0 48.4 1755.7 70.9 1824.0 101.5 3.7
L19 4.7415 6.46 0.30088 5.94 0.11269 5.63 0.726 1774.6 54.1 1695.7 88.6 1843.2 101.7 8.0
L20 5.0064 5.35 0.31748 4.52 0.11323 5.01 0.670 1820.4 45.3 1777.4 70.2 1852.0 90.5 4.0
L21 5.0637 4.86 0.32132 3.84 0.11328 4.73 0.631 1830.1 41.2 1796.2 60.2 1852.6 85.3 3.0
L22 5.1524 5.32 0.32602 5.14 0.11129 4.73 0.736 1844.8 45.2 1819.1 81.4 1820.7 85.7 0.1
L23 4.9833 5.07 0.31746 4.70 0.11256 4.82 0.698 1816.5 42.9 1777.3 73.0 1841.2 87.1 3.5
L24 5.1659 5.58 0.32335 4.72 0.11499 5.65 0.641 1847.0 47.5 1806.1 74.3 1879.7 101.6 3.9
M1 5.0875 4.39 0.32231 3.82 0.11323 4.06 0.686 1834.0 37.3 1801.0 60.1 1851.9 73.2 2.7
M2 5.1202 3.70 0.32148 3.75 0.11573 3.89 0.693 1839.5 31.4 1797.0 58.8 1891.2 70.0 5.0
M8 5.1492 7.48 0.34161 5.45 0.10997 5.11 0.730 1844.3 63.6 1894.4 89.5 1798.9 92.8 -5.3
M11 5.2465 5.47 0.34144 4.23 0.11183 4.18 0.712 1860.2 46.6 1893.6 69.4 1829.4 75.6 -3.5
M12 5.3200 5.10 0.34528 3.84 0.11550 3.62 0.727 1872.1 43.6 1912.0 63.5 1887.7 65.1 -1.3
M13 5.1046 3.95 0.32779 3.87 0.11370 2.90 0.800 1836.9 33.5 1827.7 61.6 1859.4 52.2 1.7
Zircon
L1 4.6607 5.02 0.30192 4.28 0.11095 2.30 0.881 1760.2 41.9 1700.8 64.0 1815.0 41.8 6.3
L2 4.6757 6.16 0.30419 5.86 0.11260 2.50 0.920 1762.9 51.6 1712.0 88.1 1841.7 45.3 7.0
L3 5.0703 4.61 0.31899 4.66 0.11396 3.18 0.826 1831.2 39.1 1784.8 72.7 1863.6 57.5 4.2
L4 4.8572 5.06 0.31207 4.49 0.11318 1.83 0.926 1794.9 42.6 1750.9 68.9 1851.1 33.0 5.4
L5 4.9694 5.12 0.31193 4.97 0.11507 2.45 0.897 1814.1 43.3 1750.2 76.2 1880.9 44.1 7.0
L6 5.1694 6.12 0.32826 5.59 0.11177 4.97 0.747 1847.6 52.1 1830.0 89.0 1828.4 90.1 -0.1
L7 4.5944 5.78 0.29312 6.31 0.11291 1.80 0.962 1748.3 48.2 1657.1 92.2 1846.8 32.5 10.3
L9 7.6000 5.21 0.38493 4.35 0.14278 2.77 0.843 2184.9 46.8 2099.3 77.9 2261.2 47.8 7.2
M1 7.8083 5.98 0.38534 6.65 0.14729 3.16 0.880 2209.2 53.8 2101.2 119.3 2314.7 54.2 9.2
M4 5.9769 11.99 0.34769 12.23 0.12587 3.01 0.969 1972.5 104.3 1923.6 203.4 2041.1 53.2 5.8
M5 4.7556 11.77 0.29964 11.01 0.11286 4.59 0.921 1777.1 98.8 1689.5 163.7 1846.0 83.0 8.5
M8 5.2114 8.83 0.31755 8.27 0.11452 4.85 0.841 1854.5 75.2 1777.7 128.4 1872.4 87.4 5.1
M9 4.8659 8.93 0.33072 8.42 0.10953 3.85 0.903 1796.4 75.2 1841.9 134.9 1791.6 70.0 -2.8
S2 5.7990 6.93 0.36697 7.96 0.11568 6.72 0.600 1946.3 60.0 2015.1 137.7 1890.5 120.9 -6.6
S4 5.3885 6.15 0.34960 6.70 0.11198 4.34 0.775 1883.0 52.6 1932.7 111.9 1831.8 78.7 -5.5
Sample JC-19-03  Granite sheet  (UTM coordinates: 390001E 5687933N; WGS84) 
Monazite
M2 5.2732 5.34 0.34013 6.47 0.11016 4.75 0.806 1864.5 45.6 1887.3 105.8 1802.1 86.3 -4.7
M4 5.0853 5.44 0.32596 3.89 0.11546 4.44 0.659 1833.7 46.2 1818.8 61.7 1887.1 79.9 3.6
M6 4.8490 5.31 0.31209 4.87 0.11296 4.89 0.706 1793.4 44.7 1751.0 74.7 1847.6 88.3 5.2
M10 5.0934 5.39 0.32155 4.78 0.11379 4.43 0.733 1835.0 45.7 1797.3 75.0 1860.8 79.9 3.4
M11 4.7992 6.26 0.31705 4.28 0.11277 5.43 0.619 1784.8 52.6 1775.3 66.4 1844.5 98.1 3.8
M14 5.2590 4.50 0.34266 3.89 0.11195 5.26 0.595 1862.2 38.4 1899.5 64.0 1831.3 95.1 -3.7
S2 5.0348 4.29 0.32774 3.70 0.11293 3.84 0.694 1825.2 36.4 1827.4 58.9 1847.1 69.3 1.1
S5 4.9282 5.68 0.33237 4.58 0.11081 4.84 0.687 1807.1 47.9 1849.8 73.7 1812.8 87.8 -2.0
S6 5.0001 4.17 0.32734 3.55 0.11263 4.36 0.631 1819.3 35.3 1825.5 56.4 1842.3 78.8 0.9
S8 5.0161 5.82 0.32493 4.11 0.11311 6.88 0.513 1822.0 49.2 1813.8 65.0 1850.0 124.2 2.0
S12 5.1555 5.95 0.33064 3.79 0.11561 6.31 0.515 1845.3 50.6 1841.5 60.8 1889.4 113.4 2.5
S14 5.0630 4.71 0.33471 3.78 0.11085 4.68 0.628 1829.9 39.9 1861.2 61.1 1813.5 84.9 -2.6
S15 4.9007 5.42 0.32661 4.08 0.11106 5.51 0.596 1802.4 45.7 1821.9 64.8 1816.8 99.8 -0.3
Zircon
XL1 4.7557 4.15 0.31403 3.72 0.11325 2.68 0.811 1777.1 34.8 1760.5 57.3 1852.1 48.4 4.9
XL2 4.7853 3.76 0.31526 3.06 0.11335 2.42 0.784 1782.3 31.6 1766.5 47.3 1853.8 43.8 4.7
XL3 5.6381 3.59 0.34641 2.94 0.12221 2.06 0.819 1921.9 30.9 1917.4 48.8 1988.8 36.7 3.6
XL3 4.7736 4.23 0.31391 3.64 0.11067 3.29 0.741 1780.3 35.5 1759.9 56.0 1810.4 59.8 2.8
XL4 4.6739 4.72 0.30872 4.00 0.11256 1.95 0.899 1762.6 39.5 1734.4 60.8 1841.2 35.2 5.8
XL5 4.7863 3.76 0.30910 3.89 0.11470 2.28 0.862 1782.5 31.6 1736.3 59.2 1875.1 41.1 7.4
XL6 4.9530 4.77 0.32169 4.66 0.11416 2.34 0.894 1811.3 40.3 1798.0 73.1 1866.7 42.2 3.7
XL7 4.7095 5.33 0.30839 5.00 0.11435 2.29 0.909 1768.9 44.6 1732.8 76.0 1869.6 41.3 7.3
XL8 5.1680 7.12 0.33080 5.75 0.11480 5.09 0.748 1847.4 60.6 1842.2 92.1 1876.8 91.8 1.8
XL9 4.8649 6.29 0.32062 5.38 0.11211 2.80 0.887 1796.2 53.0 1792.8 84.3 1833.9 50.8 2.2
XL11 5.5718 6.10 0.34028 5.13 0.11967 3.88 0.798 1911.7 52.5 1888.0 84.0 1951.3 69.3 3.2
XL12 5.0349 4.50 0.32343 4.89 0.11471 1.67 0.946 1825.2 38.1 1806.5 77.0 1875.3 30.1 3.7
XL13 4.6871 5.97 0.30402 5.46 0.11354 2.73 0.894 1764.9 50.0 1711.2 82.0 1856.8 49.4 7.8
L1 4.9354 4.35 0.32106 3.41 0.11108 2.74 0.779 1808.3 36.7 1794.9 53.4 1817.1 49.8 1.2
L2 4.9408 3.31 0.29615 2.88 0.12084 2.65 0.736 1809.3 28.0 1672.2 42.4 1968.6 47.2 15.1
L3 4.8809 4.89 0.31142 5.40 0.11214 2.06 0.934 1799.0 41.2 1747.7 82.7 1834.3 37.4 4.7
L5 4.8876 4.92 0.31528 4.65 0.11191 2.57 0.875 1800.1 41.5 1766.6 71.9 1830.7 46.5 3.5
L6 5.0587 4.49 0.31927 4.53 0.11489 2.24 0.896 1829.2 38.0 1786.2 70.7 1878.1 40.4 4.9
L7 4.7901 5.25 0.31056 4.57 0.11110 2.61 0.868 1783.2 44.1 1743.4 69.8 1817.5 47.5 4.1
L8 4.9733 4.95 0.31628 4.54 0.11319 2.31 0.891 1814.8 41.9 1771.5 70.2 1851.2 41.8 4.3
L9 5.2201 4.95 0.32874 4.65 0.11569 4.25 0.738 1855.9 42.2 1832.3 74.2 1890.7 76.4 3.1
L10 4.7446 4.56 0.30190 4.68 0.11477 1.87 0.929 1775.2 38.3 1700.7 70.0 1876.3 33.7 9.4
L11 5.0184 5.58 0.31793 5.24 0.11406 3.87 0.804 1822.4 47.2 1779.6 81.5 1865.0 69.9 4.6
M4 5.1910 8.53 0.30670 8.81 0.12200 3.38 0.924 1851.1 72.6 1724.5 133.3 1985.6 60.2 13.2
M8 4.8994 6.90 0.30383 5.94 0.11469 3.33 0.876 1802.2 58.2 1710.3 89.3 1875.0 60.0 8.8
M9 5.3566 8.16 0.33043 7.68 0.11693 5.17 0.788 1877.9 69.8 1840.5 123.0 1909.8 92.9 3.6
M10 5.7269 8.54 0.33172 7.70 0.12027 3.78 0.897 1935.4 73.9 1846.7 123.7 1960.2 67.4 5.8
M13 4.9862 7.84 0.30892 8.18 0.11414 3.00 0.931 1817.0 66.3 1735.4 124.5 1866.4 54.2 7.0
M15 4.8874 7.45 0.30907 8.28 0.11711 3.81 0.888 1800.1 62.8 1736.1 126.0 1912.5 68.3 9.2
M16 5.4204 8.43 0.30472 8.63 0.12121 3.98 0.892 1888.1 72.3 1714.7 129.9 1974.1 70.8 13.1
M18 5.6414 7.88 0.32846 7.49 0.12528 4.19 0.853 1922.4 68.0 1830.9 119.3 2032.8 74.2 9.9
M19 5.5560 7.24 0.34209 7.31 0.11168 3.88 0.858 1909.3 62.3 1896.7 120.2 1826.9 70.3 -3.8
Sample JC-308-03  Pegmatite dyke  (UTM coordinates: 390288E 5686655N; WGS84) 
Monazite
S2 0.0497 18.63 0.00807 10.79 0.04771 17.90 0.516 49.3 9.0 51.8 5.6 84.8 424.6 38.9
S3 0.0491 21.59 0.00737 12.67 0.05328 17.65 0.583 48.7 10.3 47.4 6.0 340.9 399.5 86.1
S5 0.0518 11.75 0.00785 10.85 0.05102 12.71 0.650 51.3 5.9 50.4 5.5 241.8 292.7 79.1
S8 0.0389 23.16 0.00817 9.32 0.03844 19.51 0.431 38.8 8.8 52.5 4.9 -454.7 515.0 111.5
S9 0.0490 27.44 0.00719 17.88 0.05664 14.91 0.768 48.6 13.0 46.2 8.2 477.7 329.4 90.3
S11 0.0579 14.52 0.00748 13.97 0.06272 14.24 0.700 57.2 8.1 48.0 6.7 698.6 303.1 93.1
S14 0.0786 21.99 0.00806 13.73 0.07387 21.83 0.532 76.9 16.3 51.8 7.1 1037.9 440.3 95.0
S26 0.0547 17.82 0.00803 13.25 0.05493 16.52 0.625 54.1 9.4 51.5 6.8 409.4 369.4 87.4
S28 0.0588 14.28 0.00832 8.91 0.05584 17.74 0.449 58.0 8.1 53.4 4.7 445.9 394.2 88.0
S30 0.0561 19.90 0.00765 13.68 0.06065 17.64 0.613 55.4 10.7 49.1 6.7 626.8 380.0 92.2
Zircon
L1 4.9415 4.68 0.31391 5.17 0.11391 1.70 0.950 1809.4 39.5 1759.9 79.6 1862.7 30.8 5.5
L2 4.9676 4.02 0.31802 3.88 0.11305 1.33 0.946 1813.8 34.0 1780.0 60.3 1849.1 24.1 3.7
L3 4.7935 4.79 0.30499 4.97 0.11356 1.46 0.959 1783.8 40.3 1716.0 74.8 1857.2 26.5 7.6
L4 4.5409 5.23 0.29253 4.91 0.11264 1.89 0.933 1738.5 43.6 1654.1 71.7 1842.5 34.3 10.2
M3 5.0616 5.46 0.31719 6.40 0.11580 3.32 0.854 1829.7 46.3 1776.0 99.3 1892.4 59.8 6.1
M4 4.9004 9.16 0.30771 10.10 0.11326 3.51 0.938 1802.3 77.2 1729.4 153.2 1852.4 63.4 6.6
M11 4.4826 6.46 0.27661 6.41 0.12213 6.96 0.414 1727.8 53.6 1574.2 89.5 1987.6 123.9 20.8
M12 4.6815 9.25 0.29454 11.23 0.11466 5.56 0.870 1763.9 77.4 1664.2 164.7 1874.5 100.2 11.2
M16 4.6948 6.56 0.28867 6.61 0.11269 3.22 0.881 1766.3 54.9 1634.9 95.5 1843.2 58.3 11.3
M17 4.7363 6.83 0.28320 7.32 0.11939 4.16 0.829 1773.7 57.2 1607.5 104.1 1947.2 74.4 17.4
S1 5.1445 6.92 0.32302 6.50 0.11368 2.68 0.922 1843.5 58.8 1804.4 102.3 1859.1 48.4 2.9
S4 4.6419 9.54 0.29756 11.28 0.11559 3.23 0.966 1756.8 79.7 1679.2 166.8 1889.1 58.1 11.1
S5 5.1509 5.91 0.32643 6.88 0.11431 3.17 0.888 1844.6 50.2 1821.0 109.2 1869.0 57.2 2.6
S6 4.8279 8.36 0.30921 8.62 0.11040 3.02 0.937 1789.8 70.3 1736.8 131.2 1806.0 55.0 3.8
S13 4.6831 7.08 0.29991 6.72 0.11274 2.19 0.951 1764.2 59.2 1690.9 100.0 1844.0 39.7 8.3
S15 4.8078 12.54 0.30252 13.72 0.11535 3.75 0.963 1786.3 105.4 1703.8 205.4 1885.3 67.5 9.6
S16 4.7764 7.65 0.30321 7.44 0.11495 2.84 0.929 1780.8 64.2 1707.2 111.6 1879.1 51.2 9.1
S19 5.0417 8.68 0.32146 8.43 0.11438 3.86 0.898 1826.4 73.6 1796.9 132.2 1870.1 69.7 3.9









